properties of low-level frequency converters. However, the greatest lower bound of a combination of the converter and intermediate frequency amplifier system was not considered previously and is the subject of this paper. Knowledge of this lower bound has practical significance because if a measured value of noise figure is less than this lower bound, it follows that the measurement is in error.
For illustrative purposes a lower bound is estab- May, 1966. the second network is investigated. The lower bound has practical significance because if a measured value of noise figure is less than this lower bound, it follows that the measurement is in error. The frequency converter nonlinear conductance was a special General Electric diode SBD-524. A 60 MHz IF amplifier with a noise figure of 1.15 db served as the second network. This combination was one of the highest quality systems available and resulted in a lower bound of 3.86 db for the over-all system. This paper provides an illustration of how this value was obtained. Also, an analysis of the controversial right angle diode characteristic is presented.
II NOISELESS MIXER ANAYLSIS
The purpose of this section is to discuss the theory of frequency conversion for the practical case of a small signal. A major portion of this theory has been firmly established by Herold and Malter {2} and is partially included to provide a basis for obtaining a lower bound for noise figure. Figure I is a diagram of a mixer, including voltatges, which may be expressed as follows: In consideration of the circuit of Figure 2 , Pucel {3} specifies a more complex circuit utilizing three "ideal filters" as shown in Figure 3 . However, the equations are written as though the circuit of Figure 2 were being considered. The only precaution which must be applied to the X circuit is that the output frequency and input frequency are not equal. However, with this exception, the a circuit reveals all of the analytical characteristics of the mixer, such as characteristic impedance, gain, input circuit loss, etc.
The characteristic impedance is (6) g,c = / g2 -g2
If the network is terminated in g,, the transfer + function is
Figure 3 In 
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Since this paper is limited to passive mixers, it is necessary to consider only the case where g < gO. {3} From equation (6) (10) where U0(t) is a unit impulse distribution ,then g0 = gi.
This conductance impulse could be approximated by a switch which is closed for a very short time once per cycle. However, since gx is zero, it may be concluded that in practice the gain of such a mixer which approximates this condition is considerably less than unity due to the impedance matching problem. It follows from (10) that the angle of conduction must be very small for the gain to be high.
Consider an "ideal diode" which has the characteristic shown in Figure 5 . It follows that the angle of conduction is dependent on only the pump and is 12(C .~~~F igure 5 independent of the slope of the characteristic in the third quadrant. Thus, i1(e) and i2(e) per Figure 5 must result in the same gain. Also, if the pump bias is small, it follows that the gain is low because the conductance angle of X radians is quite large. This conclusion is indeed correct as shown by the following analysis of gain versus eb/Ep. (12) where E is the fraction of the time that current flows.
Eqiiations (11) and (12) Equations (13) and (14) give 
Thus, the gain is independent of gm.
If eb = 0 (zero bias) then g= 2 and the gain is This would result in a poor over-all noise figure for a mixer IF system due to attenuation in the mixer when operating at the zero bias point. If gm, is permitted to become arbitrarily large, then the power dissipated in the diode might appear to become arbitrarily small since in the limit the VI product appears to be zero. This controversial concept is incorrect, however, because the attenuation is independent of gm and is constant. Thus, the difference between the power output and and the power input is dissipated in the diode and this difference remains constant as the "right angle characteristic" is approached if the power input, eb and Ep are Thle maximum mixer gain Ei El using zero bias and a peak pumlp voltage of 100 mv is 0.459. This value of gain was obtained by applying numerical integration to obtain the Fourier coefficients and app)lying equation (7). This is referred to as maximum mixer gain becauise this correspondls to the maiximum p)ump voltage whliclh may be applied without overdriving the diode and any value of pump voltage less tlhani 100 mv results in less gain, since pump voltage and gain are proportional to a first approximation. This effect of pump voltage on mixer gain shows that the SBD-524 back diode clharacteristic is significantly dlifferent from that of the "ideal diode" since the gain of the "ideal diode" is independent of the pump amplitude provided the bias is zero.
The power gain is (Ei/E E)2 0.21 for equal output and input impedlance. In practice this may not be the case. However, this results in the measured value of noise figure being greater than the lower bound which is sought here.
A further restriction on the lower bound of the over-all noise figure is the noise figure of the IF ampli- The reasons for obtaining 6 db rather than 3.86 db in practice are as follows:
1. The noise figure of the mixer is greater than 1 (Odb). 2. The power gain of the mixer is less than 0.21 (-6.78 A Item 2 suggests that a diode which has a zener characteristic would result in much higher gain if the bias is zero.
Consider Figure 9 and assume that the bias is zero. From the above combination of straight lines one can specify five combinations of curves which pass through the origin in the order of decreasing gain.
A B E
A B,A D,A C A C F However, there are only three values of gain associated with the five curves assuming the pump traverses the whole curve. The curve ABE which has the greatest gain resembles the zener diode and also to a lesser degree the SBD-524.
The important conclusion is that to decrease the loss in a passive diode mixer one must use a diode which results in a small conductance angle and has a high enough conductance in this angle to permit reasonable impedance matching assuming that the negative conductance is negligible. 
